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medulloblastoma, sex differences.
Introduction

52
The cerebellum is a brain region important for coordinating control of voluntary motor 53 movement, muscle tone, and balance (Altman and Bayer, 1997) . Additionally, the cerebellum is 54 involved in higher-order cognitive functions and related behaviors (Rogers et al., 2013a) .
55
Developmental cerebellar damage and abnormal cerebellar structure can result in impairment of 56 motor function, cognition, and social reward behavior. Abnormalities of the prefrontal cortex, GCPs to differentiate, resulting in continued and excessive GCP proliferation, thereby 86 overpopulating the IGL (Goodrich et al., 1997) .
87
Mutations of genes encoding SHH pathway proteins are implicated in several human 88 neurodevelopmental disorders (Hahn et al., 1996) . Holoprosencephaly (HPE), most frequently 89 caused by mutations of SHH, are the most common congenital forebrain abnormality in humans 90 (Nanni et al., 1999; Solomon et al., 2010; Weiss et al., 2018a) . Less commonly, mutations of 91 PTCH1, the receptor for SHH, are also associated with HPE (Ming et al., 2002) . Patients with 92 HPE present with a wide array of phenotypes including forebrain malformations, craniofacial 93 defects, and behavioral abnormalities including attention deficit hyperactivity disorder (ADHD) 94 (Croen et al., 1996; Heussler et al., 2002) . during the open-field novel social task to evaluate whether Ptch1 +/-mice exhibit motor deficits.
272
Multivariate analysis of variance (MANOVA) showed no deficits in maximum velocity over the 273 30-minute trial (F(1, 68) = .14, p = .71) ( Figure 1A ). Multivariate analysis of variance showed an 274 interaction of sex and genotype on total distance traveled (F(1, 54 = 4.52, p = .04, η2 = .55)).
275
Post hoc analysis using Fisher's LSD indicated that total distance traveled by Ptch1 +/-females 276 only was increased compared to wild-type (females: p = .009; males: p = .84) ( Figure 1B ).
277
Repeated measures 3-way MANOVA with sex (male, female) as the within-subjects factor, 5-278 min period (1-6), and genotype (wild-type, Ptch1 +/-) as the between-subjects factors revealed a 279 significant interaction of sex and genotype on distance traveled across 5-minute periods (F(1, 280 53 = 4.28, p = .04, η2 = .18)). A follow-up repeated measures 2-way MANOVA within sex 281 revealed that females only were significantly different in distance traveled across 5-minute 282 periods (females: p = .002; male: p = .47) ( Figure 1C and 1D) .
283
During the open-field novel social task, time spent along the wall and number of center 284 crosses over the 30-minute trial were assessed to examine exploratory behavior. Multivariate 285 analysis of variance showed no differences in time spent along the wall (F(1, 68 = .79, p = .38)) 286 (Supplemental Figure 1) . Consistent with increased distance traveled, MANOVA found a 287 significant effect of genotype on center crosses (F(1, 68 = 8.47, p = .006, η2 = .81))
288
(Supplemental Figure 1) . Post hoc analysis using Fisher's LSD indicated a significant increase 289 in number of center crosses in Ptch1 +/-females only (females: p = .02; males: p = .55). In the 290 novel social task, MANOVA found no differences in the number of interactions (F(1, 68 = 1.98, 291 p = .16) or the duration of those interactions (F(1, 68 = 0.20, p = .66) with the novel animal.
Social behavior 294
To assess the effects of Ptch1 mutation on social behavior, a partner preference task was 295 used. As in the novel social task, MANOVA of the partner preference task showed no 296 differences in maximum velocity (F(1, 57 = .59, p = .45) ( Figure 1A) nor time spent along the 297 wall (F(1, 57 = 3.72, p = .06)) (Supplemental Figure 2) . In the partner preference task, MANOVA 298 again detected a significant interaction between sex and genotype on total distance traveled 299 (F(1, 56 = 4.12, p = .048, η2 = .51). Post hoc analysis using Fisher's LSD identified a significant 300 increase in total distance traveled was again in Ptch1 +/-females only (females: p = .002; males: 301 p = .71). Multivariate analysis of variance again showed a main effect of genotype on center 302 crosses consistent with increased distance traveled (F(1, 57 = 5.99, p = .02, η2 = .67))
303
(Supplemental Figure 2) . Post hoc analysis using Fisher's LSD identified a significant increase 304 in total distance traveled was again in Ptch1 +/-females only (females: p = .02; males: p = .22).
305
A 3-way MANOVA with sex (male, female) as the within-subjects factor, and novelty (novel, 306 familiar) and genotype (wild-type, Ptch1 +/-) as the between-subjects factors, revealed an 307 interaction between sex and genotype on the duration of interactions during the partner 308 preference task (F(1, 110) = 8.59, p = .005, η2 = .82)). Post hoc analysis using Fisher's LSD 309 revealed that Ptch1 +/-females only show increased time spent interacting with both novel 310 (females: p = .047; males: p = .72) and familiar animals (females: p = .03; males: p = .93)
311
( Figure 2A ). All other main effects were non-significant and not relevant to the tested 312 hypotheses.
313
A 3-way MANOVA with sex (male, female) as the within-subjects factor and novelty (novel, 314 familiar) and genotype (wild-type, Ptch1 +/-) as the between-subjects factors revealed an 315 interaction between sex and genotype on the number of interactions during partner preference 316 task (F(1, 111) = 14.52, p = .0002, η2 = .22)). That interaction was qualified by an interaction 317 between novelty, sex, and genotype (F(1, 111) = 7.698, p = .007, η2 = .11)). Post hoc analysis 318 using Fisher's LSD revealed that Ptch1 +/-females only show an increase in the number of interactions with the novel animal (females: p < .0001; males: p = .10) ( Figure 2B ). All other 320 main effects were non-significant and not relevant to the tested hypotheses.
321
A 3-way ANOVA with sex (male, female) as the within-subjects factor, and sociality (nose-322 nose, nose-tail) and genotype (wild-type, Ptch1 +/-) as the between-subjects factors, revealed a 323 significant interaction between sex, sociality, and genotype on the percentage of nose-tail bouts 324 (F(1, 136) = 7.24, p = .01, η2 = .75). Post hoc analysis using Fisher's LSD revealed that Ptch1 +/-325 females only show increased nose-tail bouts relative to wild-type (females: p = .0003; males: p =
326
.81) ( Figure 2C ). All other main effects were non-significant and not relevant to the tested 327 hypotheses.
328
3.3. Olfaction
329
The ability of test animals to respond to a desirable food-treat was evaluated to ensure that 330 modifications in social behaviors were not influenced by unanticipated decrements in ability to 331 identify and respond to olfactory cues or a lack of motivation. A subset of wild-type (female: n=7; 335 failures with all animals tested rapidly discovering the olfactory stimulus in less than the allotted 336 task time. The maximum time for any animal to complete the task was less than 4 minutes (231 337 seconds). 
346
The extent of granule cell overgrowth was assessed by quantitative comparison of IGL 347 area in the cerebellar vermis of wildtype and Ptch1 +/-mutants. Repeated measures analysis of 348 variance showed a significant effect of genotype on total IGL area (F(1, 31 = 7.349, p = .01, η2 349 = .99)). Post hoc analysis for total IGL area using Fisher's LSD was not statistically significant in 350 either sex ( Figure 3B ; female: p = .06; male: p = .07), but differences in the area of individual 
355
.02; males: p = .001), VII (females: p = .04; males: p = .009), VIII (females: p = .046; males: p =
356
.008), and IX (females: p = .001; males: p = .01) and in males only in lobule VI (females: p =
357
.82; males: p = .001) ( Figure 3E ). Overt loss of Purkinje cells or differences in the width of the 358 Purkinje cell monolayer were not observed in the cerebellum of either sex.
359
Outside of the cerebellum, malignancy or gross morphological changes in the brains of the Fisher's LSD indicated that this hippocampal structure in Ptch1 +/-females only was significantly 366 smaller than wildtype (females: p = .006; males: p = .75) ( Figure 4D ). Analysis of variance of the 367 dentate gyrus length showed a statistically significant interaction of genotype and sex (F(1, 14 = 368 7.16, p = .02, η2 = .40)). Post hoc analysis using Fisher's LSD indicated that the dentate gyrus 369 of Ptch1 +/-females only was similarly reduced in size compared to wild-type (females: p = .006; males: p = .71) ( Figure 4D ). Lateral ventricle area was measured because of noted differences 371 of the lateral ventricle in BCNS syndrome and ASD (Shiohama et al., 2017; Turner et al., 2016) .
372
Analysis of variance showed no differences in lateral ventricle area (F(1, 11 = 0.93, p = .35)).
373
In the cortex, a main effect of genotype on overall cortical layer length (F(1, 14 = 6.24, p =
374
.03, η2 = .80)) was detected, however post hoc analysis of total cortical layer length ( Figure 4A) 375 was not statistically significant for either sex (female: p = .10; male: p = .10). Analysis of 376 variance of overall cortical layer width showed no effect from sex or genotype ( Fisher's LSD detected specific effects in lobule VI in females only (females: p = .007; males: p =
381
.35) ( Figure 4E ). No effect of sex or genotype was detected in either sex in cortical layers I
382
(females: p = .22; males: p = .65)), II/III/IV (females: p = .09; males: p = .70)) or V (females: p 383 =.14; males: p = .20). Daynac et al., 2016; Gomez et al., 2019; Ihrie et al., 2011; Tong et al., 2015) . To rule out trivial 402 explanations for altered behaviors observed, we carefully assessed movement in our novel 403 open-field task for evidence of decrements related to compromises mechano-skeletal ability, 404 cerebellar control of coordination or movement, and to rule out defects related to olfaction. No 405 deficits in movement velocity, distance traveled, or latency to find an olfaction cue were 406 detected. In fact, there was a paradoxical increase in the activity of Ptch1 +/-females indicated by 407 increases in total distance moved. Sustained activity after the first five minutes indicates a 408 failure of Ptch1 +/-females to acclimate to the arena ( Figure 1C ), suggesting more complicated sex-specific impacts than decreased movement coordination or loss of the ability to smell were 410 responsible for the observed alterations in behavior.
Discussion
411
Increased activity and prosocial behaviors of Ptch1 +/-females could be explained by a 412 hyperactivity phenotype. In humans, ADHD has been associated with HPE caused by SHH 413 mutations primarily in female humans with noted high intellectual function (Heussler et al., 2002; 414 Solomon et al., 2012) , demonstrating that altered SHH signaling can lead to hyperactivity. 
549
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